This paper combines the precise determination of the energy levels of 4 He i from calculations and experiments with theoretical transition probabilities to present multiplet tables and finding lists for the fine structure of the helium atom. The tabulated transition rates and oscillator strengths include corrections for singletYtriplet mixing and spin-orbit coupling, but not the higher order relativistic terms nor the finite nuclear mass, although the latter are tabulated for future use. The results are consistent with laboratory lifetimes and oscillator strengths, but very few measurements are accurate enough to be stringent tests. An Appendix discusses the corrections for finite nuclear mass.
INTRODUCTION
Since helium is the second most abundant element in the universe, it is important to have an accurate knowledge of the wavelengths and oscillator strengths of its spectral lines to interpret observations. The present paper provides these basic data with improved accuracies over earlier compilations for the abundant isotope 4 He of the neutral atom.
Although the three-body helium atom cannot be calculated exactly, detailed results in a series of papers by Drake & Martin (1998) , Drake & Goldman (1999) , and Morton et al. (2006) predict extremely accurate level separations from the ionization limit. In the last paper the authors combined these theoretical ionization energies with precise laboratory measurements of a few low-lying transitions to derive energy levels for 4 He i with relative errors of 0:2 MHz ¼ 6:7 ; 10 À6 cm À1 or less for all but seven of the lowest levels. They also calculated isotope shifts and hyperfine shifts to produce equally precise levels for the rare 3 He isotope. The present paper combines these results with calculations of transition probabilities to generate multiplet tables for 4 He i.
This paper is restricted to the permitted and semiforbidden electric-dipole transitions of 4 He i with n 10 and l 7. Bauman et al. (2005) have considered transitions involving higher levels of neutral helium as well as its photoionization and recombination. Other interesting features of the He i spectrum include magneticdipole lines calculated by Drake (1971) , magnetic quadrupole lines by Drake (1969) , Baklanov & Denisov (1997) , and Lach & Pachucki (2001) , electric-quadrupole transitions by Cann & Thakkar (2002) , two-photon decays by Derevianko & Johnson (1997) , and doubly excited states by Wu et al. (2003) .
In this paper we will follow the usual practice with helium by omitting the 1s, l, and parity labels on the spectroscopic terms, so that for example 3 3 P 2 represents 1s3p 3 P o 2 .
ENERGY LEVELS, WAVENUMBERS, AND WAVELENGTHS
Most of the 4 He energy levels used here originate from calculations that adopted values for the Rydberg R 1 , the fine-structure constant , and the mass ratio M/m e of the nucleus to the electron from the CODATA 2002 revision of the fundamental constants ( Mohr & Taylor 2005 ). An additional parameter was the nuclear charge radius r c ( 4 He) ¼ 1:673(1) fm from Borie & Rinker (1978) .
Through connections with the theoretical ionization energies of 3 3 D 3,2,1 and 3 1 D 2 , laboratory measurements of 4 He provided the levels 2 3 S 1 , 2 1 S 0 , 2 3 P 2,1,0 , 2 1 P 1 , 3 1 S 0 , 3 3 P 2,1,0 , 3 1 P 1 , 4 3 S 1 , and 5 3 S 1 as well as the ionization potential ( IP) of 5;945;204;290(33) MHz ¼ 198; 310:6690(11) cm À1 from the 1 1 S 0 ground state. The 0.0011 cm À1 uncertainty in the IP affects the absolute values of all levels, and produces an error of 4 ; 10 À6 8 in the extreme ultraviolet resonance lines at wavelengths less than 600 8, but cancels out in all other differences tabulated here. Table 1 lists the errors for the seven largest cases and the corresponding errors for wavelengths shortward of 10000 8 for typical transitions. The error for all other levels is 0:2 MHz ¼ 6:7 ; 10 À6 cm À1 or less.
Wavenumbers ul in cm À1 and wavelengths k ul in 8 are calculated from the respective upper and lower energy levels E u and E l in cm À1 according to
and mean values ul andk ul for a multiplet from the mean energiesĒ
where the statistical weights are g ¼ 2 J þ 1 and
3. TRANSITION PROBABILITIES The theoretical transition probabilities and oscillator strengths adopted here follow from the formulation described by Drake (2006) using simplified wave functions appropriate for infinite nuclear mass, but now with the explicit inclusion of the relativistic effects of singletYtriplet mixing and spin-orbit coupling as perturbations. However, these calculations do not include higher order relativistic terms nor the corrections for the finite nuclear mass, namely, the decreased Rydberg constant also known as mass scaling, the radiation of the nucleus moving about the center of mass, and the mass-polarization term resulting from the transformation of the Hamiltonian to coordinates centered on the nucleus. These last effects are discussed in the Appendix.
Thus, for a radian frequency ! ul ¼ 2c/k ul , the transition probability or transition rate is
where is the fine-structure constant, r 1 þ r 2 is the dipole operator, and u and l are the wave functions corresponding to the above approximations. The reciprocal lifetime of a state u is the sum of the decays to all lower states,
The absorption oscillator strength f lu for infinite nuclear mass is
For internal consistency we have used the calculated nonrelativistic mean multiplet values of wavelengths and frequencies for infinite nuclear mass quoted in Tables 2 and 3 for these derivations of A ul and f lu rather than the true values known from Morton et al. (2006) . The quantity / 1 in these tables indicates that the maximum error is 0.37% and typically it is much smaller.
Multiplet values A Mul and f Mlu are useful for comparisons with earlier calculations, which usually assumed LS coupling, ignored singletYtriplet mixing, and quoted only multiplet averages. Following Wiese et al. (1966) , the triplet means are determined by summing over the allowed tripletYtriplet transitions,
andk
wherek ul ¼ 10 8 /(Ē u ÀĒ l ) fork ul in 8 andĒ in cm À1 from equation (2). The singlet means are simply the singletYsinglet values. Note that many authors of theoretical papers condense their tabulations by quoting emission f-values f ul , sometimes with a minus sign, when S lies above P or P above D.
TABLE FORMAT
Tables 2 and 3 present the results for the singletYsinglet and tripletYtriplet multiplets of 4 He i while Tables 4, 5, 6, and 7 give the results for individual lines including the intersystem singletY triplet transitions and Tables 8 and 9 provide finding lists. For both upper and lower levels, the computations ranged over n ¼ 1 to 10, S ¼ 0 and 1, l ¼ L ¼ 1Y7, and all permitted J. From these combinations we have limited the tabulated output to transition wavenumbers >1 cm À1 or wavelengths <10 8 8.
Tables 2 and 3
Tables 2 and 3 present various parameters pertaining to whole multiplets that are useful in assessing the uncertainties and relating these results to earlier papers, most of which quoted only multiplet values. Note that these are means of the singletYsinglet and tripletYtriplet transitions separately.
N.-Sequential multiplet number.
LowerYupper.-Level designations n 2Sþ1 L. g Mu ; g Ml .-Total statistical weights for the upper and lower terms from equation (3).
k (8).-Mean multiplet wavelength in vacuum or, if k > 10000 8, (cm À1 ) mean wavenumber, the true values from equations (1) and (2). k 1 (8) or 1 (cm À1 ).-Mean multiple nonrelativistic wavelength or wavenumber for infinite nuclear mass corresponding to the energy used in the calculation of A and f. Table 2 is available in its entirety in the electronic edition of the Astrophysical Journal Supplement. A portion is shown here for guidance regarding its form and content. Table 3 is available in its entirety in the electronic edition of the Astrophysical Journal Supplement. A portion is shown here for guidance regarding its form and content. Table 4 is available in its entirety in the electronic edition of the Astrophysical Journal Supplement. A portion is shown here for guidance regarding its form and content. Table 6 is available in its entirety in the electronic edition of the Astrophysical Journal Supplement. A portion is shown here for guidance regarding its form and content. Table 7 is available in its entirety in the electronic edition of the Astrophysical Journal Supplement. A portion is shown here for guidance regarding its form and content. Peck & Reeder (1972) and ''Vacuum'' calculated from the energy levels of Morton et al. (2006) according to equation (1). If the vacuum wavelength exceeds 10000 8, the two numbers are replaced by the more useful vacuum wavenumber followed by cm À1 . The important 2 3 SY2 3 P transition at 10833 8 or 9231 cm À1 is tabulated both ways. f lu /f LS .-The ratio of the above f-value to one for pure LScoupled states with no singletYtriplet mixing.
In Table 5 the first line for each multiplet gives the mean value calculated according to equations (2), (3), (7), and (8) followed by individual lines in order of decreasing wavelength or increasing wavenumber. The listed wavelengths and energy levels should be reliable to the quoted number of figures, except for transitions involving the seven 1 S 0 and 3 S 1 levels in Table 1 . However, for A and f, the neglect of some relativity corrections and the finite nuclear mass probably causes errors of a few parts in 10 3 for most transitions and somewhat more for the n 1 DÀn 1 P lines noted in the Appendix. Nevertheless, we have quoted five figures for comparison with previous calculations.
The ratio in the final column of Tables 4 and 5 shows the effects of including singletYtriplet mixing and spin-orbit coupling. Among the tripletYtriplet multiplets, all those involving F and higher angular momentum states have some f-values of some lines changed significantly, while for the singlets, only the DYF lines are severely affected and the FYG ones by about 10%. In most cases the transfer of oscillator strength to the intersystem lines reduces the ratio for both the tripletYtriplet and singletY singlet lines below unity, although a few cases such as 5 3 G 4 Y6 3 H 5 gain a little from the corresponding 5 1 G 4 Y6 1 H 5 .
At the beginning of Table 6 we have added the very weak electric-dipole transition 1 1 S 0 Y2 3 P 1 at 591.412 8 with A ¼ 177:58 s À1 calculated by Lach & Pachucki (2001) , compared with 178.7 s À1 by Johnson et al. (1995) and 176.4 s À1 by Drake (1979) . Both the later papers included the negative-energy evenparity P states in the continuum omitted in the earlier paper.
Tables 8 and 9
Table 8 provides a finding list for transitions shortward of 10000 8 ordered by increasing wavelength and Table 9 for wavelengths longward of 10000 8 ¼ 10;000 cm À1 ordered by decreasing wavenumber. Since all wavelengths in a multiplet are close to each other, we have tabulated only mean multiplet values. The column headings are as follows:
k M (8).-Mean multiplet wavelength in vacuum or, if k > 10000 8, M (cm À1 ) mean wavenumber, the true values from equation (1) 
COMPARISONS WITH EARLIER CALCULATIONS
There is a long history of increasing sophistication in the calculation of oscillator strengths for neutral helium including configuration interaction in a central field by Green et al. (1966) , a variational method with Hylleraas wave functions by Schiff et al. (1971) , an extension of these results with double Hylleraas-type Table 9 is available in its entirety in the electronic edition of the Astrophysical Journal Supplement. A portion is shown here for guidance regarding its form and content. basis functions by Kono & Hattori (1984) , the Coulomb approximation with a realistic central field by Theodosiou (1987) , close coupling by Fernley et al. (1987) , explicitly correlated wave functions by Cann & Thakkar (1992) , and B-spline basis functions by Chen (1994a Chen ( , 1994b . None of these considered singletYtriplet mixing nor spin-orbit coupling as we do, and only Theodosiou included transitions involving 1 F, 1 G, 3 F, and 3 G terms.
With the help of the useful summaries provided by Chen, we have compared our results with the earlier calculations of S, P, and D transitions and found good agreement, particularly with Kono & Hattori and Chen, where the match usually was better than one part in a thousand. A surprising exception is the transition 3 3 PY4 3 D listed in Table 10 , where both of these papers are about 6% lower than the other five determinations, possibly the result of misprints. The DYF and FYG calculations of Theodosiou agree with our LS f-values, but not with our perturbed results in Tables 4 and 5, as expected, because of the singletYtriplet and spin-orbit effects.
COMPARISONS WITH EXPERIMENTS
For many years the theoretical oscillator strengths and lifetimes of the strongest transitions in He i have been sufficiently accurate to be used as checks on experimental apparatus and ...................................................... . Theodosiou (1987) 0.4476......................................................... . Kono & Hattori (1984) 0.4766......................................................... . Green et al. (1966) length  0.4790......................................................... . Green et al. (1966) velocity a Chen (1994b) miscopied this as 0.44760. Gans et al. (2003) . b Zitnik et al. (2003) . c Erman & Sundström (1991) . d Charnay et al. (1984) . e Larsson et al. (1983) . f Kono & Hattori (1979) . g von Oppen et al. (1978) ; Aynacioglu et al. (1981) . h Astner et al. (1976) . i Volz et al. (1995) . j Silim et al. (1987) . k Kramer & Pipken (1978) . l Lifsitz & Sands (1965) .
procedures. Thus, it is useful to compare our results with the available measurements. Theodosiou (1984) compiled a comprehensive list of laboratory lifetimes. There is general agreement with his calculations and ours, but considerable scatter among the measurements of individual decays, possibly caused by cascades from higher levels. In Table 11 we have quoted some more recent measurements along with the important ones of Larsson et al. (1983) and Astner et al. (1976) from the earlier list as well as a few omitted by Theodosiou. In this table the only serious discrepancy is the Kono-Hattori (1979) lifetime for 4 1 D, which is too short by 14 . The average of all 19 lifetimes for this level listed by Theodosiou is 37:2 AE 4:2 ns, consistent with our prediction.
There is excellent agreement with the exceptionally accurate measurements of 3 3 S and 3 3 D by Volz et al. (1995) and 3 1 P by Astner et al. (1976) . Of course, a lifetime tests the rates of only the very strongest transitions that contribute to the decay.
With one exception, Tables 12 and 13 show similar good agreement between our numbers and experimental f-values including the weak intersystem transition 2 3 PY3 1 D measured by Fujimoto et al. (1986) . The 2 3 PY3 3 D measurement by Dubreuil & Catherinot (1980) deviates from the calculation by 7 , but the excellent agreement of the 3 3 D lifetimes in Table 6 supports the theoretical value. Chan et al. (1991) listed eight additional measurements for 1 1 SY2 1 P prior to 1970. They are consistent with our calculations, although some have large errors. Zhong et al. (1997) . b Gibson & Risley (1995) . c Larsson et al. (1995) . d Chan et al. (1991) . e Tsurubuchi et al. (1989) . f Alexandrov et al. (1982) . g Westerveld & Van Eck (1977) . h Backx et al. (1975) Burger & Lurio (1971) . 
FUTURE INVESTIGATIONS
A few more experimental lifetimes and f-values of high accuracy, as well as measurements of additional intersystem transitions, would provide useful tests of these calculations. On the theoretical side, the higher order relativistic corrections should be the next step. They are expected to enter at the 0.2% level except for cases of accidental degeneracy where the percentage change could be larger. The comparable corrections for the finite nuclear mass already are available through the terms in Tables 2 and 3 discussed in the Appendix. Other effects such as the finite nuclear size are negligible at this stage. The calculation of A-and f-values for the rare 3 He isotope will depend on slightly different wave functions and energies and must include the individual hyperfine components.
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APPENDIX

CORRECTIONS FOR FINITE NUCLEAR MASS
The small corrections due to finite nuclear mass are not normally included in discussions of radiative decay rates in atoms, but they become important if accuracies better than a few parts in 10 4 [i.e., of order /M, where ¼ m e M /(m e þ M ) is the reduced electron mass] are required. The relevant theory was first discussed by Fried & Martin (1963) and extended by Yan & Drake (1995) and Drake (2006) . Here we wish to amplify the last reference to cover ions as well as neutral atoms by including terms involving the motion of the center of mass (c.m.) in the radiation field in addition to the motion of the charged nucleus relative to the center of mass.
The nonrelativistic Hamiltonian H a for an atom or ion with nuclear mass M and charge Ze at postion R N and N electrons of mass m e and charge Àe at positions R i is
where P i ¼ Àif@/@R i ¼ Àif: and the center of mass is at
The Schrödinger equation
determines the energy levels E u and the eigenvectors jui. Transforming to coordinates r i ¼ R i À R N and R c gives
where p i = p j is the mass-polarization operator and the term in P c ¼ Àif@/@R c ¼ Àif: must be included whenever there is a net charge on the atom to account for the motion of the center of mass relative to the inertial frame represented by the coordinates R N and R i . Again following Drake (2006) in the application of the interaction Hamiltonian, the general equation for the averaged decay rate for a single photon transition from upper state u to lower state l in the dipole approximation at distances well outside atomic dimensions is
Here ¼ e 2 / fc is the fine-structure constant, ! ul is the transition radian frequency, and
is the dimensionless velocity form of the transition operator before and after the transformation to the coordinates r i and R c . The commutator
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We did not apply the (1 þ y) factor to the f-values listed in the tables because the finite mass correction for n l 6 ¼ n u usually has the opposite sign to that for the omitted relativity terms. See, for example, the 2 2 P lifetime calculations for 7 Li i in Table IX of Yan et al. (1998) . Thus, we prefer to ignore both corrections rather than include just one. However, we have tabulated in Tables 2 and 3 to show which transitions could be affected significantly and to have the numbers available when the remaining relativistic corrections become known. Since these are expected to change f-values by about 0.2%, must exceed 14.6 to have a similar effect. Only the transitions n 1 PÀn 1 D (3 n 10) with 32:0 ! ! 30:6 significantly exceed this limit, while the multiplets n 3 SÀ(n þ 1) 3 P (5 n 9) with 12:2 15:4 are comparable. Otherwise, the higher order relativistic corrections probably dominate.
